A low-ε solid-state NMR(Nuclear Magnetic Resonance) probe was developed for the spectroscopic analysis of two-dimensional 15 N-1 H heteronuclear dipolar coupling in dilute membrane proteins oriented in hydrated and dielectrically lossy lipid environments. The system employed a 800 MHz narrow-bore magnet. A solenoid coil strip shield was used to reduce deleterious RF sample heating by minimizing the conservative electric fields generated by the double-tuned resonator at high magnetic fields. The probe's design, construction, and performance in solid-state NMR experiments at high magnetic fields are described here. Such high-resolution solid-state NMR spectroscopic analysis of static oriented samples in hydrated phospholipid bilayers or bicelles could aid the structural analysis of dilute biological membrane proteins.
Introduction
Membrane proteins are important in various essential systems and regulatory processes, ranging from the complicated network of cellular communications to the metabolism and breaking down of unwanted substances in the human body. Hundreds of diseases involve the mis-folding or mis-assembling of integral membrane proteins and over 60% of all drug molecules target membrane proteins. Despite their importance, these protein's intrinsic structurefunction relationships are not understood as their threedimensional structures have not been fully elucidated. The study of membrane proteins by current methods is hampered by the need of a native bilayer environment, which is difficult using most biophysical techniques. They are notoriously difficult to crystallize for X-ray crystallography and their slow reorientation rates when combined with lipids or detergents hinder the use of conventional solution NMR (Nuclear Magnetic Resonance) techniques.
Solid-state NMR spectroscopy is a relatively new means of investigating the structures of solid biological samples.
1 It can be used to study the structure and dynamics of membrane proteins, whose low solubility, low yield, and low crystallization would prevent conventional structural analysis. Unlike solution-state NMR, whose resolution is heavily dependent on the molecular size of the analyte, the resolution of solid-state NMR under static conditions relies only on the degree of the sample's alignment and the ability to implement various multiple-pulse line-narrowing decoupling techniques. Solid-state NMR analysis of phospholipid bilayers or bicelles is valuable to the study of membrane proteins with predominantly helical secondary structures because analysis of these oriented samples takes advantage of the spectral simplifications that result from their uniaxial orientation parallel to the direction of the applied magnetic field. Orientational restraint of membrane proteins in a lipid environment can be obtained by 
H-

15
N heteronuclear dipolar coupling solid-state NMR experiments such as polarization inversion spin exchange at the magic angle (PISEMA), high-resolution separated local field spectroscopy based on magic-sandwich pulses (SAMMY), and SAMPI4.
2-4
Solid-state NMR techniques constitute a promising area of structural biology as membrane proteins can be studied using the higher magnetic fields, more advanced instruments, novel NMR methodologies and advanced model membrane systems now available. However, solid-state NMR spectroscopy in conductive and dielectrically lossy protein samples with a high-frequency field (> 700 MHz) is hindered the significant heating of samples by RF irradiation during crosspolarization (CP) and decoupling pulses. 5 Most biological samples contain much water and salt, giving then high dielectric properties, which reduce the probe's efficiency by severely reducing its Q-factor (quality factor) and significantly shifting down the tuned frequency. Incident decoupling power of ~100 W for tens to hundreds of milliseconds can induce temperature increases of ~50 o C. With increasing magnetic field, this heating increases in magnitude as a sample's dielectric heating is proportional to f 3 (where f is the frequency of the irradiating field).
6,7 Therefore, a specific probe with high efficiency and high capability is required for the solid-state NMR study of these biological samples. Several probe designs have been developed and tested to improve efficiency described below.
The development of NMR instruments that can prevent membrane proteins from heating, especially the design of resonator probes, encompasses many areas of new research. Resonator designs developed for lossy biological samples include low-ε coil, scroll coil, modified Alderman-Grant coil (MAGC) and solenoid coil with strip-shield. 
H-
15
N double resonance NB probe was designed to match a bicelle sample for the observation of membrane proteins in membrane-like environment. The probe designed here is an adaptation of a previously reported static probe.
12,13
Between the outer solenoid coil and the sample was a shield containing an inner copper strip. The strip-shield comprised 15 strips of 5 mm ID rolled copper sheet; each strip was 14/32 in. long and 1/45 in. wide. The strip-shield was inserted between a 5.2 mm ID solenoid coil and bicelle membrane protein sample in 5 mm OD flat-bottom glass tube. The RF receiver coil was constructed to 5 turn round coil made by gold plated flat copper wire. The receiver coil plate was made using POM (polyoxymethylene) that has no perturbation for 15 N labeled protein sample. The circuit of probe was shown in Figure 2 
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Length of λ/4 cable = = 6.25 ≒ 6.3 (cm)
Where c is the speed of light, ν is the frequency of the proton channel, and k is shortening factor of the coaxial cable with PTFE insulator. The The C1-C4 capacitors were variable capacitors (1-10 pF) for tuning and matching of sample in each channel (Polyflon, USA). The probe body (O.D. = 39.5 mm) was made by aluminum 6061, non magnetic material. As radio frequency transmitting cable, coaxial cable contained PTFE insulator was used. The whole resonant circuit of probe was grounded to a probe body and cap through copper coated circuit board and gold copper fingers. The whole circuit was well matched at 50 like other nmr console and tuned at the resonance frequencies of each channel using a network analyzer (Hewlett Packard 85046A, USA) outside a magnet. As temperature affects the structures of biological samples, a temperature control unit, comprising a ceramic heater, Cu-Const. sensor, and a dewar, was installed as shown in Figure 1 N channels were measured as follows from a plot of reflected power versus frequency:
( ) × --------------------------------------------------------------
where f 0 is the resonant frequency of the respective channel, and f 1 and f 2 are the frequencies at −3 dB from the baseline of total reflection of the respective resonant frequency. After the probe was inserted into the magnet, resonance of its circuit was observed using a function of the Bruker spectrometer software (Topspin 2.1). Solid-state NMR Experiments. All experiments were conducted using a Bruker Avance III spectrometer with a 800 MHz (18.8 T) narrow-bore (NB) magnet (Bruker BioSpin, Germany). The position of the home-built probe inside a magnet was determined and calibrated with the proton resonance of H 2 O with 50 mM CuSO 4 that reduced spin-lattice relaxation time. The circuit's efficiency and B 1 RF field homogeneity for the 
H-
15
N heteronuclear dipolar coupling solid-state NMR spectra of NAL were obtained using the SAMPI4 pulse sequence. All 1D data were processed by TOPSPIN 2.1 (Bruker BioSpin, germany), 2D SAMPI4 spectra were processed by NMR PIPE/NMR DRAW software.
1
H and
15
N channels was measured 35 dB from high to low frequency and 55 dB from low to high frequency. The high isolation factors and the high Q-factor were sufficient to measure high-resolution solid-state NMR spectra. After mounting the lab-built probe into the magnet, final tuning and matching were achieved using the Topspin software.
RF performance of the 800 MHz 
H-
15
N strip-shield low-ε probe are listed in Table 1 . 
H-
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N bond, the spectrum shows four re-
Resonant frequency
Bandwidth sonances because there are four different conformational sites per unit cell of the crystal. The two-dimensional heteronuclear dipolar coupling spectrum (Figure 4(b) ) was obtained using the SAMPI4 pulse sequence at a 1 H resonance frequency of 800 MHz. 128 t 1 increments, 1024 t 2 complex points, 256 transients, and 5 s recycle delay were used. The π/2 pulse was calibrated at 5.5 μs and 45.5 kHz B1 field strength was used for the HartmannHahn match during the CP contact period. The dipolar axis is adjusted to account for the scaling factor of 0.81. The spectrum shows an average < 200 Hz linewidth in the dipolar dimension.
Conclusions
An 800 MHz NB 
H-
15
N strip-shield low-ε solid-state NMR probe with 5.2 mm solenoidal RF coil was designed and constructed for structural studies of oriented biological samples, and preliminary NMR data were acquired to demonstrate its efficiency. The isolation between high and lowfrequency channels and the probe's Q factor were optimized.
The strip-shield efficiently reduced the RF electric fields E1 in the lossy sample. Optimal resolution and sensitivity in solid-state NMR observation of membrane proteins were obtained at high magnetic fields. High-resolution 1D and 2D NMR spectra of NAL were successfully recorded. These results demonstrate the high performance and efficiency of the lab-built solid-state NMR probe with a narrow-bore magnet for 800 MHz solution NMR.
